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ABSTRACT

Background and objectives
The infant's immune system evolves over the first months and years of life. Strong positive correlation exists between lymphocyte count, lymphocyte subpopulations and gestational age at birth. Associations with antenatal and postnatal steroid treatment, infection and chronic lung disease have also been described. Few published studies report the effect of increasing postnatal age (PNA) and comorbidities on lymphocyte subpopulations in premature infants beyond the first 4 months of life. This study aimed to describe changes in lymphocyte subpopulations in preterm infants up to 13 months PNA.
Methods
Premature infants (23-34 weeks completed gestation) from 5 centres had lymphocyte subpopulations measured at 2, 5 or 7, 12 and 13 months PNA alongside their vaccine responses in a vaccination trial.
Results 393 blood samples from 151 babies were analysed. There was an increase in absolute numbers of total lymphocytes (median cell count 6.21 x10 9 /L at 13 months compared with 4.9 x10 9 /L at 2 months PNA) and CD3 
Conclusions
This longitudinal study describes the distribution of lymphocyte subpopulations in premature infants and provides reference ranges for the major lymphocyte subsets to help guide clinicians when assessing premature infants for immunodeficiency in the first year of life. 
INTRODUCTION
Infection is a leading cause of morbidity and mortality in young infants and especially in those born prematurely [1] [2] [3] . Lymphocytes are key to the development of adaptive immunity and there are major changes in their numbers and function in term infants over the first year of life [4, 5] . Reference ranges for lymphocyte counts and subpopulations exist for term infants and describe an increase in absolute counts in most lymphocyte subsets over the first 6 months of life [6, 7] .
Several studies have explored the effect of gestational age on lymphocyte subpopulations at birth [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Overall these studies show increasing concentrations of CD3 + , CD4 + , natural killer (NK) and B cells with increasing gestation.
Factors other than gestational age may affect lymphocyte subset populations. The use of antenatal steroids, for example, has been associated with increased cord blood T cells together with diminished T cell proliferation [11, 13, 18, 19] .
Few studies have described the changes in lymphocyte subpopulations after birth in premature infants who may have several months of ex-utero life before reaching term equivalent. Lymphocytes in these babies are likely to be influenced by both the infants' in-utero condition and their subsequent postnatal course. Existing studies have included only a small numbers of babies and have limited the follow-up period to the first 6 months of life [17, [20] [21] [22] , thus the 'normal' subpopulation values in expremature infants are unknown [23] .
This study aimed to describe the lymphocyte subpopulations in premature infants over the first 13 months of postnatal life and to determine the impact of antenatal and postnatal exposures and comorbidities. All data were analysed using STATA version 13 (Stata Inc).
RESULTS
A total of 419 analysable samples were collected from 151 infants. The number of infants contributing 1, 2, 3 or 4 samples was 25, 34, 42 and 50 infants respectively. 26
samples were excluded as they were the second sample collected between 353 and 387 days of age. The characteristics of the infants are shown in table 2.
Effect of gestational and postnatal age
The lymphocyte subpopulation results for different gestational and postnatal ages are shown in table 3, table 4 and figure 1. Overall, there was an increase in the total lymphocyte count and all measured cell populations over the first 13 months of life.
There was an increase in the percentage of CD3 These differences remained despite adjustment for the different gestational age distributions at each centre.
DISCUSSION
To our knowledge, this is the largest study of lymphocyte subpopulations in premature infants reported to date and provides data up to 13 months of age which may assist clinicians in assessing the immune status of infants who were born prematurely. With Several studies have reported changes in lymphocyte subpopulations over the first year of life in term infants. Comparison with these studies is limited by their broad age categories and a focus towards comparison with adult values [4, 25, 26] . However, the Manuscript pattern of changes seen in the preterm infants studied are in keeping with those described in term infants [5] [6] [7] [8] . However, whilst our data show an increase in NK cells over the first year of life, the converse is described in term infants [6, 27] . The reason for this difference is not clear, but it is worth noting that within our dataset a significant rise in NK cells appears to occur after 12 months of age, influencing the overall trend.
The effect of gestation on subpopulations was most apparent at the earliest samples when many of the infants had not yet reached term-equivalent. This is consistent with the differences reported between premature and term infants at birth [8, 9, 13, 16] proportions of the lymphocyte subsets remain more constant and will thus provide a simpler reference for clinicians. It is important for a reference range to be applicable to the whole population; it should be noted that the infants in our study were clinically well at the time of sampling but a significant proportion had a number of co-morbidities that are commonly associated with prematurity. In addition, the multicentre approach permits results to be more generalisable.
Chronic lung disease was associated with lower CD3 + , CD3 + CD4 + and CD19 + counts.
A previous study found decreased CD2 + and CD3 + CD4 + counts in premature infants with CLD at 3 weeks of age and Pelkonen et al. described similar findings in the lymphocyte subpopulations of ex-premature school children which were associated with CLD [17, 28] . It may be that CLD per se, or an aspect of its treatment, may result in these immunological findings. An intriguing alternative hypothesis is that these abnormalities of immune function are present before the onset of CLD, predisposing to its development and to the recurrent respiratory infections that such infants are prone to [29] . As infants were first sampled after the diagnosis of CLD had been made it is not possible to ascertain if these abnormalities were present earlier.
Unlike other studies, we did not find any association between antenatal steroids and lymphocyte subpopulations in our cohort. Previous studies analysed cord blood samples and it may be that any significant effect of antenatal steroids had resolved by 2 months of age [8, 13] The constraints of NHS laboratories also meant that the investigation of more refined subpopulations e.g. regulatory T and B cells, and functional studies were not possible.
Additionally, laboratory analysis was performed within the routine clinical framework using different sample preparation and analysis techniques. Accordingly, differences were found between the centres for nearly all subpopulations despite some centres using similar analytical laboratory protocols. Correcting for other possible centre-dependant factors (e.g. gestation) using multiple regression did not eliminate these differences. It is known that a variety of factors can affect the inter-laboratory quantification of absolute lymphocyte subpopulations [30-32] and other multicentre studies have experienced similar inter-centre variation, with testing centre the most significant factor in analysis of differences between cell populations [6] . Studies have negated this challenge by freezing peripheral blood mononuclear cells (PBMCs) and centralising samples prior to analysis; or performing single centre studies on whole blood [5, 22] .
Unfortunately the volume of blood required to extract PBMCs is prohibitively large in low weight infants. In order to address the inter-centre variation, the testing centre was included within the regression analysis. These factors should be considered when designing future studies. 
CONCLUSION
This is the largest reported cohort to describe lymphocyte subpopulations in premature infants and its longitudinal nature provides reference ranges for the major lymphocyte subsets. The effect of gestation on subpopulations is most pronounced in early life (up to approximately 6 months postnatal age), corresponding with when infants are most vulnerable to infection. This may be compounded in infants with co-morbidities, especially chronic lung disease, and further study is required to determine the nature of this relationship. 
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